Abstract-ZnO is a wide bandgap semiconductor with a direct bandgap of 3.32eV at room temperature. It is a candidate material for ultraviolet LED and laser. ZnO has an exciton binding energy of 60 meV, much higher than that of GaN. It is found to be significantly more radiation hard than Si, GaAs, and GaN, which is critical against wearing out during field emission. Furthermore, ZnO can also be made as transparent and highly conductive, or piezoelectric. ZnO nanotips can be grown at relatively low temperatures, giving ZnO a unique advantage over the other nanostructures of wide bandgap semiconductors, such as GaN and SiC. In the present work, we report the selective growth of ZnO nanotips on various substrates using metalorganic chemical vapor deposition. ZnO nanotips grown on various substrates are single crystalline, n-type conductive and show good optical properties. The average size of the base of the nanotips is 40 nm. The room temperature photoluminescence peak is very intense and sharp with a full-width-half-maximum of 120 meV. These nanotips have potential applications in field emission devices, near-field microscopy, and UV photonics.
Selective MOCVD Growth of ZnO Nanotips I. INTRODUCTION N ANOTIPS are of strong interest for applications such as field emission and near-field microscopy. Nano-and microtips have been demonstrated in Si using anisotropic wet chemical etching [1] . A nanotip Al Ga
As-GaAs vertical cavity surface emitting laser (VCSEL), integrated with a photodetector, has also been demonstrated for near-field microscopy [2] . One of the major technologies competing for the flat screen market is the field emission display. This is similar to a conventional cathode-ray tube, except that electrons are emitted from the cathode that consists of thousands of conductive micro-tips, when a high electric field is formed between the tips and the anodes. A wide bandgap semiconductor with a lower work function presents a smaller barrier height for the electrons to overcome. In the traditional micro-tip field-emission devices, the wearing out of the tip due to radiation damage is a major reliability issue. Therefore, a wide bandgap semiconductor material would be preferred for field-emission. There have been reports on SiC [3] , and GaN [4] , [5] the fabrication of self-assembled ZnO nanowires [6] [7] [8] [9] . ZnO is a wide bandgap semiconductor with a high excitonic binding energy (60 meV), and hence can facilitate low-threshold stimulated emission at room temperature. This low-threshold is further enhanced in low-dimensional compound semiconductors due to carrier confinement. ZnO is also found to be significantly more radiation hard than Si, GaAs, and GaN [10] . Nanowires of ZnO, Si, SiC, and GaN have been grown using various other methods such as vapor-phase transport process [9] , chemical vapor deposition [3] , direct gas reaction [4] etc.. In these methods, the growth temperatures were in the range of 900 C and above. In contrast to these growth techniques, ZnO nanotips can be grown using metalorganic chemical vapor deposition (MOCVD) at relatively low temperatures [6] [7] [8] . MOCVD growth technology also offers large area uniformity and ease of integration with mainstream semiconductor processes. In this work, we report the selective growth of ZnO nanotips on various substrates using MOCVD. ZnO nanotips are self-assembled and have uniform size and orientation. electron microscopy, X-ray diffraction, photoluminescence, and spectrophotometer techniques were used to characterize the structure, morphology and optical properties of the ZnO nanotips.
II. EXPERIMENTAL
ZnO nanotip growth was carried out in a vertical flow MOCVD reactor. Diethylzinc (DEZn) and oxygen were used as the Zn metalorganic source and oxidizer, respectively. Film deposition was carried out at a substrate temperature in the range of 300 C-500 C. The reactor design is described elsewhere [11] . X-ray diffraction measurements were carried out using a Bruker D8 Discover diffractometer using Cu K with an angular resolution of 0.005 . Leo-Zeiss field emission scanning electron microscope (FESEM) was used to characterize the morphology of the films and a Topcon 002B transmission electron microscope was used to do detailed structural characterizations. The room temperature photoluminescence (PL) spectrum was conducted using a 325 nm CW He-Cd laser as the excitation source. The wavelength resolution is 0.5 nm. Al O . Therefore, ZnO on these substrates grows with the c-axis perpendicular to the plane. Very dense and smooth epitaxial films of ZnO have been grown on various orientations of sapphire and GaN. Under certain growth conditions columnar growth can be obtained on these substrates. Alternatively, when ZnO grows on fused silica or on amorphous SiO thermally grown on Si, it forms the columnar structure. ZnO nanotips growth is also observed on Si as shown in Fig. 2 . In the case of columnar growth on various substrates ZnO nanotips are all preferably oriented along the c-axis and have a base diameter of 40 nm and terminate with a very sharp nanoscale tip. The crystalline orientation of the ZnO nanotips was determined using XRD measurements as shown in Fig. 3 . Shown in Fig. 4(a) is a dark field transmission electron microscopy (TEM) image of a single ZnO nanotip and in Fig. 4(b) is an electron diffraction image obtained from the single ZnO Nanotip aligned to the zone axis. Defects in single crystal materials are better characterized in dark field imaging mode. The dark field TEM image of a single ZnO nanotip shows very few defects. The indexed diffraction pattern further confirms the single crystal quality of the ZnO nanotips. The columnar growth is a result of a high growth rate along the c-axis of ZnO. ZnO is a polar semiconductor, with (0001) planes being Zn-terminated and being O-terminated. These two crystallographic planes have opposite polarity, hence have different surface relaxation energies, resulting in a high growth rate along the c-axis. Therefore, by controlling the ZnO growth parameters, ZnO nanotips with c-axis perpendicular to the substrate and with a high aspect ratio can be grown on these substrates.
III. RESULTS AND DISCUSSIONS
The inset of Fig. 5 shows the optical transmission spectrum of ZnO nanotips grown on fused silica substrate measured at room temperature by an UV-Visible spectrophotometer. The transmission spectrum indicates that the cutoff wavelength of ZnO nanotips is around 370nm material. It can also be seen that the transmission over 82% is achieved in the transparency region with a sharp absorption edge. The fringes in the transparency region of the spectrum are mainly due to the interference effect. Fig. 5 also shows the room temperature PL spectrum of ZnO nanotips grown on SiO /r-sapphire. The amorphous SiO layer was deposited on the r-sapphire substrate using plasma-enhanced chemical vapor deposition (PECVD) and is amorphous. A strong PL peak is observed at 3.32eV (373.5nm), whose intensity is ten times stronger than those obtained on ZnO epilayers. This peak results from the free-exciton recombination that is prominent in ZnO nanotips. The full-width-half-maximum (FWHM) of PL is measured to be 120 meV ( 13nm) for the ZnO nanotips grown over an amorphous SiO layer on r-sapphire. The intense and sharp intrinsic PL emission peak confirms the good optical property of the ZnO nanotips. It also complements the structural analysis from the TEM measurement that the ZnO nanotips are of single crystal quality. A weaker emission peak around 2.8 eV is also observed. Several groups have reported the observation of deep level induced green-band emission in ZnO epilayers grown on sapphire [12] . Similar observations have been reported in ZnO nanostructures on c-sapphire substrates [13] . The detailed mechanism for this emission is currently under investigation. In contrast to the columnar growth, the ZnO film grown on r-Al O under the same growth conditions results in a flat film with a smooth morphology. Fig. 6 is a FESEM image of a ZnO film grown on r-Al O . The ZnO film shows a flat surface with the epitaxial relationship ZnO Al O , and ZnO Al O [13] . Hence, the c-axis of ZnO lies in the growth plane. This is different from the ZnO films grown on c-sapphire and a-sapphire substrates. The FWHM -rocking curve was measured to be 0.25 for the ZnO film grown on r-Al O using MOCVD. The significant difference in the growth of ZnO film on r-sapphire substrates and silicon or SiO has been used to obtain selective growth of ZnO nanotips on patterned silicon-on-sapphire (SOS) substrates. The patterning of the SOS substrates was realized by first depositing a thin SiO film on the SOS substrate using low-pressure chemical vapor deposition (LPCVD), which serves as a mask for etching the silicon film. Then, a KOH solution and buffered oxide etchant (BOE) were used to selectively etch silicon and SiO , respectively. Fig. 7 shows a ZnO grown on patterned SOS substrate. The ZnO nanotips are only observed on the exposed silicon top (100) surface and the sidewall (111) surface as KOH anisotropically etches (100) Si producing sidewalls oriented along the direction. The growth of ZnO nanotips on the sidewalls of the silicon islands can be avoided by using dry etching methods, such as inductively coupled plasma (ICP) or reactive ion etching (RIE) that give a vertical etching profile. Similar selective growth was also obtained for patterned amorphous SiO deposited on r-sapphire substrates. The as-grown ZnO nanotips using MOCVD show n-type conductivity. The resistivity of the ZnO epilayer grown on the sapphire of the SOS substrate was measured using four-point probe method. A resistivity of 3.4 cm was obtained for the ZnO epilayer. The carrier concentration was evaluated to be cm correspondingly.
IV. CONCLUSION
Self-assembled ZnO nanotips have been grown on various substrates using MOCVD. The nanotips are of uniform size and orientation. These ZnO nanotips are of single crystal quality, show n-type conductivity and have good optical properties. Selective growth of ZnO nanotips has been realized on patterned (100) silicon on r-sapphire (SOS), and amorphous SiO on r-sapphire substrates. Such self-assembled ZnO nanotips are promising for applications in field emission devices, near-field microscopy, and UV optoelectronics.
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